Al 0:25 Ga 0:75 N/AlN/GaN heterojunctions with AlN interlayers of various thicknesses were grown on c-plane sapphire by metalorganic vapor phase epitaxy (MOVPE). We have revealed that the AlN interlayer hardly affects morphologies and crystal qualities; however, it prominently enhances the two-dimensional electron gas (2DEG) mobility. The optimum thickness of the AlN interlayer is 1 nm, and the corresponding room temperature Hall mobility and the sheet carrier density are 1700 cm 2 V À1 s À1 and 1:27 Â 10 13 cm À2 , respectively. Self-consistent calculation results indicates that with increasing AlN thickness, i) the conduction-band discontinuity between AlGaN and GaN linearly increases; ii) the percentage of the total carriers in the AlGaN layer exponentially decreases, and content in the AlN layer exponentially increases.
Introduction
Recently, the power density of Si-based electronic devices has approached the material limit. GaN-based materials would potentially be employed for the next-generational electronic device and great progress has been achieved because GaN has larger breakdown electric filed and electron saturation velocity (about 10-and 3-fold larger than those of Si, respectively). In many novel and important fields, such as the power system, monolithic amplifiers, wireless communications and so on, GaN-based heterojunction field effect transistors (HFETs) have wide and irreplaceable applications in high-temperature, high-power, or high-speed devices. [1] [2] [3] Currently, one of the main themes of researches on GaN-based HFETs is to further improve the functional properties of the two-dimensional electron gas (2DEG). For example, a carefully modified AlGaN/ AlN/GaN structure, in which a thin AlN layer is inserted into conventional AlGaN/GaN structures, is suggested to improve 2DEG properties. [4] [5] [6] [7] [8] However, the physical mechanism corresponds to the improved performance is still unclear. In this paper, we have systematically investigated the effect of the AlN layer thickness on the morphologies, crystal qualities, carrier density and hall mobility in the AlGaN/AlN/GaN HFET structure. Furthermore, the energyband structure and 2DEG distribution have been also simulated with self-consisted model.
Experimental Procedure
AlGaN/AlN/GaN structures were grown on (0001) sapphire by a horizontal low-pressure metalorganic vapor phase epitaxy (MOVPE). Trimethylaluminum (TMA), trimethylgallium (TMG), and ammonia (NH 3 ) were used as the Al, Ga, N precursor, respectively. The structure consists of, from the upper layer to the bottom, a 22 nm AlGaN layer, a AlN interlayer with various thickness of 0, 0.5, 1, 1.5, 3, 5 nm, and 2.4 mm GaN layer. AlN interlayer thickness was designed according to the growth rate. Atomic force microscopy (AFM) measurements were performed to reveal the films morphologies. Title and twists mosaics were revealed by the high resolution X-ray diffraction (HRXRD). To perform hall measurements, Ti/Al Ohmic contacts were placed at the corners of 1 Â 1 cm 2 van der Pauw samples. The band diagram and carrier distribution were calculated by solving the Poisson-Schrödinger system of equations self-consistently using the method of finite differences. 9) Materials parameters can be founded in ref. 10 . The local exchange-correlation potential can be given by Lindquist's formula. 11) A surface potential of 1.65 eV has been suggested for samples grown by MOVPE, 12) and the Fermi level was pinned around the surface state. The FWHM of (0004) and ð10 " 1 12Þ X-ray rockingcurves (XRC) of GaN are presented in Fig. 2 (a). The GaN (0004) and ð10 " 1 12Þ FWHM nearly keeps constant, about at 290 AE 30 and 490 AE 50 arcsec, respectively. It means that this series of samples have good crystal quality and stable growth condition. Figure 2 (b) reveals that the AlN interlayer does not remarkably degrade the AlGaN crystal quality, and the FWHM of the AlGaN(0002) is about 400 AE 40 arcsec, which is independent with AlN interlayer thickness. AlN interlayer signal cannot be measured in the rocking curve. However, because the thickness of AlN interlayer is very thin, dislocation length in AlN interlayer is far less than that in AlGaN and GaN layers and could be neglected. Figure 3 exhibits the results of room temperature hall measurements. The sheet carrier density scatters at ð1:27 AE 0:1Þ Â 10 13 cm À2 . Cuimei Wang et al. also reported a similar result that the sheet carrier density scatters from 1:5 Â 10 13 to 1:6 Â 10 13 cm À2 independently with the AlN growth time. 5) In our calculation, if AlN and AlGaN layers are treated to be coherent grown on GaN template, the sheet carrier density nearly increases from 1:13 Â 10 13 to 1:95 Â 10 13 cm À2 with increasing the AlN thickness from 0 to 5 nm. However, if AlN and AlGaN layers are treated to be completely relaxed, the sheet carrier density greatly decreases to be 1:05 Â 10 13 cm À2 in the sample with 5 nm AlN interlayer. Thus, our low sheet carrier density measured in the samples with a thick AlN interlayer maybe due to weakened polarization effect by stress relaxation.
Results and Discussion
The carrier mobility strongly depends on the AlN thickness. Without the AlN interlayer, the mobility is about 1050 cm 2 V À1 s À1 , whilst with only two layer AlN (1.0 nm) inserted into the whole structure, the mobility prominently increases to 1700 cm 2 V À1 s À1 . However, further increasing the AlN thickness to be 5 nm, the mobility decreases. This tendency is similar with the report from Miyoshi et al. 6, 7) With increasing the AlN thickness from 0 to 1 nm, the increment of the carrier mobility can be attributed to the reduction of AlGaN alloy disorder scattering. However, it hardly explains the observed abnormal mobility deterioration with further increasing AlN thickness to 5 nm. In our case, this abnormal deterioration cannot be completely attributed to the degradation of the film quality. Figure 4 exhibits the energy-band structure and 2DEG distribution of the HFET under coherent growth condition. The prominent change in energy-band structure is that the AlN interlayer increases the conduction-band discontinuity between AlGaN and GaN, ÁE c . In addition, the conduction band structure does not prominently bend in AlGaN and GaN layers, which means that the conduction-band renormalization induced by carriers is very weak and the bandoffset and polarization of materials dominate the energyband structure. Therefore, with neglecting screen effect on the polarization of carriers, we derive ÁE c , which can be expressed as
where E is the band-gap, F is the built-in electrical field induced by the polarization, and d AlN is the AlN thickness. This formula fits well with our numerical solution of ÁE c , which is deduced from above self-consistent model. Similar with the conventional AlGaN/GaN HFET, ÁE c can be used to deduce the threshold voltage. 13, 14) Increasing ÁE c directly lifts the potential at the AlGaN/AlN interface upward. However, the Fermi-energy is pinned around the surface state. As a result, the slope rare of the potential in AlGaN turned from negative to positive with increasing the AlN thickness from 0.5 to 5 nm. Similar with the formation mechanism of 2DEG, holes could accumulate under the positive slope rate of the potential to form two-dimensional hole gas (2DHG).
In addition, ÁE c confines the carrier to suppress the penetration from GaN to AlGaN. In Fig. 4 , the carrier distribution approximately follows the Gauss-distribution, and becomes narrower with inserting an AlN layer. At the position (see red arrow), about À0:8 nm, the carrier concentration rapidly decays about 3 -4 orders in the magnitude. This degradation can be defined as the electron penetration depth in AlGaN layer, d pd , which agrees well with the analytic solution.
2,3) 0.8 nm is larger than one layer AlN thickness of 0.5 nm, which means that one layer AlN is insufficient to eliminate AlGaN alloy disorder scattering. In addition, we notice that with AlN thickness increasing, the peak position of carrier distribution gradually moves towards the AlGaN/AlN interface, which results in that more carriers penetrate into the AlN layers. This phenomenon is easily to be understood, the polarization induces positive charge at AlN/GaN interface which attracts free electron into the 2DEG, whilst the negative charge at the AlGaN/AlN interface which repels the 2DEG. Increasing AlN thickness gradually weakens the repelling effect and results in the 2DEG shift to the AlGaN/AlN interface. The percentage of carriers in the AlGaN and AlN layers is shown in Fig. 5 . With AlN thickness increasing from 0 to 1 nm, the percentage of carriers in AlGaN exponentially decreases to be nearly 0%, which suppresses alloy disorder scattering and increases carrier mobility. However, the percentage of carriers in the AlN layer exponentially increases with the AlN thickness increasing. Due to the larger electron effective mass and non-optimized growth condition for AlN, the mobility in AlN is much lower than that of GaN. Thus, more carriers which penetrating into AlN layers perhaps decrease the carrier mobility. However, due to too small percentage of carrier in AlN, it is a secondary factor for the abnormal deterioration.
Conclusions
We present our study of AlN layer thickness effects on the morphologies, crystal qualities, carrier density and hall mobility in the AlGaN/AlN/GaN HFET structure. The morphology and crystal quality are independent with the AlN thickness at the range from 0 to 5.0 nm. However, the inserted AlN layer prominently enhances the 2DEG mobility, and the optimum thickness is 1.0 nm. Selfconsistent calculation results reveal that, with increasing AlN thickness, i) the conduction-band discontinuity between AlGaN and GaN linearly increases; ii) the percentage of carriers in AlGaN layers exponentially decreases, and the content in AlN layers exponentially increases. More carriers penetrated into AlN layers is a secondary factor for abnormal mobility deterioration in HEFTs with 1-5 nm AlN interlayers. 
